Asynchronous and synchronous calcium oscillations occur in a variety of cells. A well-established pathway for intercellular communication is provided by gap junctions which connect adjacent cells and can mediate electrical and chemical coupling. Several experimental studies report that cells presenting only a transient increase when freshly dispersed may oscillate when they are coupled. Such observations suggest that the role of gap junctions is not only to coordinate calcium oscillations of adjacent cells. Gap junctions may also be important to generate oscillations. Here we illustrate the emergent properties of electrically coupled smooth muscle cells using a model that we recently proposed. A bifurcation analysis in the case of two cells reveals that synchronous and asynchronous calcium oscillations can be induced by electrical coupling. In a larger population of smooth muscle cells, electrical coupling may result in the creation of groups of cells presenting synchronous calcium oscillations. The elements of one group may be distant from each other. Moreover, our results highlight a general mechanism by which gap junctional electrical coupling can give rise to out of phase calcium oscillations in smooth muscle cells that are non-oscillating when uncoupled. All these observations remain true in the case of non-identical cells, except that the solution corresponding to synchronous calcium oscillations disappears and that the formation of groups is sensitive to the degree of heterogeneity.
Introduction
Intracellular calcium oscillations are very common. Apart from smooth muscle cells (SMCs) (for a review, see Savineau and Marthan (2000) ), they have been observed in neurons and in non-excitable cells like oocytes (Cuthbertson and Cobbold, 1985) and hepatocytes (Woods et al., 1986) . Cytosolic calcium rises may be evoked by inositol 1,4,5-trisphosphate (IP 3 )-linked agonist stimulation: after interacting with cell-surface receptors, agonists activate the phospholipase C (PLC) and induce the release of IP 3 . IP 3 then releases calcium from intracellular stores (Minneman, 1988) .
In populations of cells, a coordination of the calcium transients has been observed. Neighboring cells have been reported to present asynchronous or synchronous calcium oscillations (Tordjmann et al., 1997; Zang et al., 2001; Lamboley et al., 2003) . In the case of arterial SMCs, synchronous calcium oscillations lead to vasomotion (Mauban et al., 2001; Sell et al., 2002; Lamboley et al., 2003) , a cyclic variation of the arterial diameter. On the other hand, asynchronous calcium oscillations result in a tonic vessel contraction (Ruehlmann et al., 2000) . Fanchaouy et al. (2005) have studied more or less dense preparations of freshly dispersed SMCs. Their results show that the probability of adenosine 5 -triphosphate triggered asynchronous calcium oscillations increases with the gap junctional coupling of SMCs. Moreover, Simpson and Ashley (1989) and Missiaen et al. (1994) have obtained spontaneous calcium oscillations in cultured aortic SMCs. The oscillations were present for cells in the confluent condition, but not in single cells or in cells in the subconfluent condition.
There have been several theoretical studies describing intercellular calcium waves (Sneyd et al., 1995; Höfer et al., 2001 Höfer et al., , 2002 , and intercellular synchronization of calcium oscillations has been studied by coupling calcium oscillators by calcium (Höfer, 1999; Bindschadler and Sneyd, 2001 ). In a previous publication (Koenigsberger et al., 2004) , we proposed a model describing a population of coupled SMCs. As SMCs are connected by non-selective gap junctions (Christ et al., 1992) , we assumed a gap junctional communication by means of electrical coupling, IP 3 diffusion, and calcium diffusion. Our model reproduces well experimental observations like asynchronous calcium flashings, recruitment of responding stimulated cells and vasomotion in absence of endothelium (Hamada et al., 1997; Peng et al., 2001; Sell et al., 2002; Haddock et al., 2002; Lamboley et al., 2003) . With our particular set of parameter values, a weak calcium coupling is required to obtain a synchronization of calcium oscillations. In contrast with IP 3 diffusion which did not play a significant role, electrical coupling revealed a number of interesting facts.
In the present article, we examine in more detail the properties of electrically coupled calcium oscillators under agonist stimulation. We provide a detailed bifurcation analysis of two electrically coupled SMCs. We show that isolated cells which are not oscillating at a certain agonist concentration may begin to oscillate when they are electrically coupled. The mechanism underlying this phenomenon of generation of oscillations is exposed. Moreover we observe that electrical coupling can give rise to out of phase calcium oscillations. We then extend our discussion to three electrically coupled cells and to larger populations of cells. Finally, we consider non-identical cells to see how the introduction of heterogeneity affects our conclusions.
